Introduction {#sec1}
============

The development of DNA microarrays has proven invaluable for high throughput quantification of gene expression profiling, genomic analysis, disease diagnosis, and drug screening.^[@ref1]−[@ref3]^ Fluorescence-based DNA microarrays offer numerous advantages, such as high sensitivity and multiplexing capabilities.^[@ref4],[@ref5]^ Despite these benefits, the challenge to improve the detection sensitivity persists.^[@ref6],[@ref7]^ Strategies to increase the fluorescence sensitivity of DNA microarrays include increasing the amount of the capture probes or alternatively, amplifying the fluorescence signal using surface enhancements. To increase the density of DNA probes immobilized on the surface, techniques involving nanostructured substrates using three-dimensional structures, such as dendrimeric/nanopillar-like structures or grafting polyethylene glycol (PEG) layers onto silanized glass slides, have been pursued.^[@ref7]−[@ref12]^ Increases in the fluorescence intensity of 2--30-fold were observed using these approaches to enhance the DNA probe density. However, oversaturation of probe density can reduce target DNA binding efficiency because of strong electrostatic repulsions, which leads to retardation of hybridization kinetics.^[@ref8],[@ref13]^ To enhance the observed fluorescence signal, noble metal nanostructures and nanoparticles have also served as attractive approaches. These techniques use surface plasmons to modify and improve the spectral and photophysical properties of fluorophores.^[@ref14],[@ref15]^ However, these metallic structures typically require precise and sophisticated equipment to yield near-field metal enhanced fluorescence (MEF) effects (within nanometric lengths from the surface) in heterogeneous areas of "hot spots".^[@ref16],[@ref17]^

Reflective surfaces such as silica (SiO~2~) on silicon (Si) have also been employed as a platform for enhancing fluorescence microarrays.^[@ref18],[@ref19]^ These reflective substrates typically require a transparent spacer layer provided by the SiO~2~ between the reflective surface (Si) and the fluorescent material. The fluorescence signal enhancement is based on the principle of optical interference.^[@ref20]^ In addition to their optical properties, SiO~2~ surfaces have also been attractive surfaces for their high biocompatibility properties and the ease of surface functionalization.^[@ref21]^ Similarly, it has been reported that encapsulation of dyes into SiO~2~-based nanoparticles can also enhance the fluorescence signal.^[@ref22]^ In particular, the use of dye-doped SiO~2~ nanoparticles has presented significant interest due to its advantageous high surface-to-volume ratio, photochemical stability, and ability to amplify the fluorescent signal.^[@ref23]^ The mechanism of fluorescence enhancements is related to the internal SiO~2~ architectures shielding the fluorescent dyes from being quenched by its surroundings, thus reducing the kinetics of the irradiative decay of the excited fluorophores.^[@ref22],[@ref23]^ Furthermore, immobilization of the fluorescent dye within the SiO~2~ matrix has been thought to restrict the mobility and flexibility of the molecules, which can lead to reduced nonradiative relaxation and subsequently increased photoemission brightness.^[@ref23]−[@ref25]^

However, typical enhancements from this approach have been modest, with increases in the fluorescence signal of 5--30 fold.^[@ref8]^ Recently, Lin et al. reported generating SiO~2~ structures from a precoated thermoplastic polyolefin (PO) shrink film (PO-SiO~2~) to enhance the fluorescence signal of bound biotin--streptavidin--tetramethylrhodamine isothiocyanate (TRITC) biomolecules.^[@ref26]^ In this Letter, we expand upon this strategy and demonstrate its applicability to DNA fluorescence microarrays. We improve the limit of detection (LOD) sensitivity of the DNA hybridization assay by more than 40-fold compared to controls (a glass substrate). Our results demonstrate that our PO-SiO~2~ structured substrate is an attractive approach for DNA fluorescence microarrays.

Experimental Section {#sec2}
====================

The fabrication of these substrates is simple, inexpensive, robust, and scalable. To prepare the substrate, a laser cut tape mask composed of a four by eight array of 1 mm in diameter holes with center to center spacing of 1.9 mm was applied to a clean PO shrink film (955-D, Sealed Air Corporation, 1 mil) prior to sputter deposition of 20 nm SiO~2~ to generate PO-SiO~2~ substrate (Figure [1](#fig1){ref-type="fig"}a,b). The PO-SiO~2~ substrate was chemically activated by oxygen (O~2~) plasma treatment and immersed into a solution of 3-(aminopropyl) trimethoxysilane (APTMS) in ethanol (2% v/v) for 45 min at room temperature (Figure [1](#fig1){ref-type="fig"}c,d). The substrates were rinsed with ethanol and cured overnight in ambient conditions. For DNA probe attachment, primary amine groups were covalently linked to the amine-functionalized PO-SiO~2~ substrates. To accomplish this, the PO-SiO~2~ surfaces were incubated with 2 mg/mL poly-[l]{.smallcaps}-glutamic acid (pGlu) in phosphate buffered saline (PBS) buffer for 1 h (Figure [1](#fig1){ref-type="fig"}e). The pGlu binds to the amine-functionalized PO-SiO~2~ surface through electrostatic interactions. 250 μM amine-modified single stranded (A~30~ ssDNA) solution in a PBS buffer that contained 75 mM 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydrochloride (EDC) and 15 mM *N*-hydroxysulfosuccinimide (NHSS) was prepared. Five-tenths of a microliter of two amine-terminated 30mer oligonucleotides A (A~30~ sequence: 5′-NH~2~(CH~2~)~12~(C~2~H~6~O~2~)~12~AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA-3′) and B (GFP sequence: 5′-NH~2~(CH~2~)(C~2~H~6~O~2~)~12~GATCTCGATCCCGCGAAATTAATAC-3′) with an A:B percentage of 80:20, 60:40, 50:50, 40:60, 30:70, 20:80, 10:90, 5:95, 1:99, 0.5:99.5, and 0:100 were incubated overnight on the PO-SiO~2~ surfaces (Figure [1](#fig1){ref-type="fig"}f). The initial stock concentration of the A~30~ sequence was always 250 μM, and the final concentration of the oligonucleotides in the mixture (A and B) was always 250 μM. After rinsing the PO-SiO~2~ substrates with PBS and water, 0.5 μL of 1 μM complementary ssDNA to A~30~ tagged with Cy3 fluorophore was allowed to react for 40 min at room temperature, 22 °C (Figure [1](#fig1){ref-type="fig"}g). After rinsing again with PBS and water, the substrates were dried with nitrogen (N~2~), and then immediately imaged with an Olympus upright fluorescence microscope through a 2X microscope objective (Edmund Optics, NA = 0.055) and using a TRITC filter. The fluorescence intensities were analyzed using the region of interest (ROI) feature in ImageJ (National Institute of Health (NIH)). For each A:B percentage, we measured the fluorescence intensities from 16 spots and repeated this three independent times. PO-SiO~2~ substrates were heated at around 160 °C for 2 min, which induced retraction of the PO shrink film (Figure [1](#fig1){ref-type="fig"}h). This caused the thinner SiO~2~ film to buckle and fold into nano- to microscale structures with high aspect ratios (Figure [2](#fig2){ref-type="fig"}a,b). This resulted in a PO-SiO~2~ structured substrate referred to here on as shrunk PO-SiO~2~. The substrates were imaged again with the Olympus upright fluorescence microscope at the same conditions as previously mentioned.

![Schematic for fabrication of DNA fluorescence microarray on shrunk PO-SiO~2~.](la-2014-01123b_0001){#fig1}

![(a) Top-down SEM image of the shrunk PO-SiO~2~ is a representative image of the heterogeneous populations of nano and microscale structures observed. (b) Zoomed in SEM image illustrating the micro and nanoscale features.](la-2014-01123b_0002){#fig2}

Results and Discussion {#sec3}
======================

Comparing the fluorescence images for the DNA microarray on the glass slide and shrunk PO-SiO~2~ substrate, respectively, the dramatic fluorescence enhancements due to the substrate is apparent. As depicted in Figure [3](#fig3){ref-type="fig"}a, the fluorescence signal at 80 and 50% A~30~ ssDNA on the shrunk PO-SiO~2~ substrate was detectable while the fluorescence signals on the glass substrate at those concentrations were not discernible. In fact, even at the lowest concentration of 1% A~30~ ssDNA, the fluorescence signal could still be observed on the shrunk PO-SiO~2~ substrate. Another noticeable difference is that, within the field of view selected (5 × 4 mm), 32 spots were visible on the shrunk PO-SiO~2~ substrate, while three spots were visible on the glass slide. The image in Figure [3](#fig3){ref-type="fig"}a has been stitched together to show more spots on the glass slide. This highlights the ability to rapidly detect multiple concentrations on the shrunk PO-SiO~2~ substrate relative to a planar surface in regards to multiplexing capabilities. The dotted vertical white line represents where the plot profile was obtained for the different % of A~30~ ssDNA. The line profile shown in Figure [3](#fig3){ref-type="fig"}b quantifies fluorescence signal uniformity over the SiO~2~ islands on the shrunk PO-SiO~2~ and glass slide substrates. Furthermore, the enhanced fluorescence signal observed on the shrunk PO-SiO~2~ substrates is not localized to nanoscale regions, as with plasmonic effects. The larger working range on the PO-SiO~2~ substrate is apparent by the average fluorescence intensities for each substrate (Figure [3](#fig3){ref-type="fig"}c). The linear range on the shrunk PO-SiO~2~ substrate was observed to be from 5--40% A~30~ ssDNA while on the glass slide, was observed to be from 10--30% A~30~ ssDNA. The detection limit (χ~LOD~) was calculated, as shown in eq [1](#eq1){ref-type="disp-formula"}, by taking three times the standard deviation of the background signal, σ̅~bg~, on glass or the shrunk PO-SiO~2~ substrate and adding the mean background signal, χ̅~bg~.^[@ref27]^ The χ̅~bg~ was measured by calculating the fluorescence intensity of the nonspecific binding of the Cy3 DNA to the 0:100% A~30~:GFP ssDNA sequence on glass and shrunk PO-SiO~2~.

![DNA fluorescence microarray of Cy3-DNA on heated glass slide and shrunk PO-SiO~2~. (a) Fluorescence images of Cy3-DNA on heated glass and shrunk PO-SiO~2~ and (b) their corresponding line plot profiles. (c) Average DNA fluorescence microarray intensities on heated glass and shrunk PO-SiO~2~. F.I. corresponds to fluorescence intensity and the error bars are standard error of mean. The % single-stranded (s.s) DNA probe fluorescence images on the heated glass slide in panel (a) were stitched together for illustrative purposes and are not representative of the mask dimensions.](la-2014-01123b_0003){#fig3}

The concentration curve demonstrates that a relative surface coverage of 0.5% A~30~ ssDNA can be detected on the shrunk PO-SiO~2~ substrate in contrast to about 20% A~30~ ssDNA observed on the glass slide. The results for the nonshrunk PO-SiO~2~ surfaces are presented in [Supporting Information Figure S1](#notes-1){ref-type="notes"}.

We also examined the performance of the DNA microarray in in the absence of EDC/NHS and in the absence both of EDC/NHS and pGlu. These results ([Figure S2--S3](#notes-1){ref-type="notes"}) indicate that binding of A~30~ ssDNA was most successful in the presence of both EDC/NHS and pGlu. Fluorescence signal enhancement was measured quantitatively, and results were compared to that obtained from the DNA hybridized on the glass slide. The average fluorescence signal (FS) increase of the substrates is calculated according to eq [2](#eq2){ref-type="disp-formula"}, as previously reported, by measuring the mean FS obtained after heating (AH) (χ̅~ahs~) minus the mean background FS AH (χ̅~ahbg~) over the mean FS before heating (BH) (χ̅~bhs~) minus the background FS BH (χ̅~bhbg~).

As previously mentioned, the PO film shrinks by 77% in each length post heating, which leads to an approximately 20-fold concentration of surface area.^[@ref26]^ Lin et al. showed that with the substrate alone, a 14-fold increase in the fluorescence signal of TRITC was noted to occur with the biotin--streptavidin model system relative to the planar PO substrate and a 50-fold increase with the silica structures relative to the planar PO-SiO~2~ substrate.^[@ref26]^ This increase in enhancement was determined to be due to photophysical effects of the highly scattering PO-SiO~2~ structures. Here, the fluorescence signal of the Cy3-DNA was observed to increase by 45 times (standard error (S.E.) 3.5) on the shrunk PO-SiO~2~ substrates relative to the planar PO-SiO~2~ substrate. This is more than 2.5 times higher than expected due to concentrating alone. The integrated intensity of the entire DNA spots was calculated before and after shrinking on the PO-SiO~2~ substrate for confirmation. A concentrating effect alone would result in the same integrated intensity value. Therefore, this additional increase in intensity is attributed to the optical effects.

Interestingly, more than a 120 fold (S.E. 5.00) increase in the fluorescence signal was observed on the shrunk PO-SiO~2~ substrates relative to glass for 80--10% A~30~ ssDNA presented in Figure [4](#fig4){ref-type="fig"}a. Furthermore, heating the hybridized DNA did not appear to significantly decrease the fluorescence signal. The fluorescence signal was observed to decrease by less than 15% (S.E. 2.5%) over the different percentages of A~30~ ssDNA when comparing the hybridization signal on the heated glass slides to the signal prior to heating.

![Analytical assessment of the improvement for different percentages of A~30~ ssDNA hybridized on the shrunk PO-SiO~2~ substrate relative to the glass slide (a) A plot of the fluorescence signal increase on shrunk PO-SiO~2~ substrate relative to heated glass (b) SNR on heated glass slide and shrunk PO-SiO~2~ substrate for the hybridized DNA at various A~30~ ssDNA percentages. The error bars are standard error of mean.](la-2014-01123b_0004){#fig4}

An increase in the fluorescence intensity was also coupled with a significant improvement in the signal-to-noise ratio (SNR) which is defined as the ratio of the average fluorescence signal minus the mean background signal to the standard deviation of the background, σ̅~bg~, as presented in eq [3](#eq3){ref-type="disp-formula"}.^[@ref28]^

For the SNR, any value higher than 3 is generally considered to be detectable.^[@ref29]^ The SNR shown in Figure [4](#fig4){ref-type="fig"}b was noted to increase by more than 46-fold on the shrunk PO-SiO~2~, 1455 (S.E. 35) for 80% A~30~ ssDNA relative to the glass slide, 30.87 (S.E. 0.15). For the glass slide, the limit in the SNR was 20% A~30~ ssDNA, while on the shrunk PO-SiO~2~ substrate it was 0.5%. The limit in the SNR results supported the LOD results.

The enhancement in the fluorescence signal also resulted in an improvement in the detection sensitivity of the DNA microarrays. To assess the analytical detection performance of the shrunk PO-SiO~2~ and glass substrates, the concentration corresponding to the limit of detection, *x*~LOD~, was calculated. According to the Langmuir adsorption coefficient (*K*~ads~) for DNA hybridization, a single monolayer has a value of 1.8 × 10^7^ M^--1^.^[@ref30]^ Equation [4](#eq4){ref-type="disp-formula"} is used to convert the A~30~ ssDNA percentages into concentrations using the following relation:

In eq [4](#eq4){ref-type="disp-formula"}, *K*~ads~ is 1.8 × 10^7^ M^--1^ and θ is the percent coverage of A~30~ ssDNA. This corresponds to an *x*~LOD~ on shrunk PO-SiO~2~ of 280 pM versus an *x*~LOD~ of 11 nM on glass. Hence, an overall 40-fold improvement in the LOD relative to a glass slide was noted.

For practical applications, fixing the probe concentration in order to determine the target concentration would likely be important. Therefore, we next fixed the % A~30~ ssDNA probe to 50% and decreased the target Cy3-DNA concentration to 1 μM, 0.1 μM, 0.05 μM, 0.01 μM, 0.005 μM, and 0.001 μM. We examined the amount of nonspecific binding by fixing the % A~30~ ssDNA probe to 0% and decreasing the target Cy3-DNA concentration in the same increments as mentioned. For each target concentration, we measured the fluorescence intensities from eight spots and repeated this three independent times. The LOD was calculated by taking 3 times the standard deviation of the background with 0.001 μM Cy3-DNA for the shrunk SiO~2~ substrate and glass slide. The results for this experiment are presented in Figure [5](#fig5){ref-type="fig"}. As apparent from the concentration curve (Figure [5](#fig5){ref-type="fig"}), an approximate order of magnitude improvement in the LOD was observed on the shrunk PO-SiO~2~ relative to the glass slide.

![Summary of fluorescence intensities for DNA fluorescence microarray performed by changing the target Cy3 DNA concentration on shrunk PO-SiO~2~ and heated glass slide with fixed 50% A~30~ ssDNA probe. The error bars are standard errors of mean.](la-2014-01123b_0005){#fig5}

Outlook {#sec4}
=======

In this work, we have presented a rapid method to create DNA fluorescence microarrays using SiO~2~ structures and demonstrated the ability to enhance the fluorescence signal of bound fluorophores. This demonstrates that the PO-SiO~2~ substrate has higher detection sensitivity (280 pM) relative to planar glass surface (11 nM). Furthermore, a 30--45-fold improvement in the SNR was observed on the shrunk PO-SiO~2~ substrate relative to a glass slide depending on the A~30~ ssDNA concentration. The fabrication of these substrates is simple, inexpensive, and can be readily integrated for microarray analysis. Furthermore, in contrast to MEF substrates, the enhanced fluorescence signals are uniform and not confined to nanometric hotspots. This ability to reach lower limits of detection could enable use of DNA microarrays for earlier disease diagnostics.

The unshrunk PO-SiO~2~ results and confirmation of the chemical modification of the PO-SiO~2~ substrates are available. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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